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Propagation of neutron and temperature oscillations in the neutron multiplication systems is studied. It is shown that 
the strongly coupled neutron temperature oscillations are resulting from the dependence of the reverse time of neutron 
capture by the fission nuclei on the "effective" temperature of thermal neutrons. 
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The problem of controlling the processes that take 
place in the nuclear power plants acquired a particular 
urgency after an accident at Chernobyl. The wave and 
oscillating processes that occur in the nuclear reactor, 
give one of few opportunities for developing the methods 
of control and diagnostics of the in-core equipment. 
In this connection, the neutron oscillation field 
excitation-and-transport processes in the neutron 
multiplication systems have been extensively investigated 
[1]. Measurements of neutron fluxes in the fission 
reactors showed their noise character. 
Noise methods for analysis of neutron fields, influence 
on them of medium hydrodynamic parameter oscillations 
is the subject of calculations, experimental investigations 
and use in the diagnostics of reactors [1,2]. 
Today the research in the area of thermonuclear fusion 
is at the level of full-scale thermonuclear reactor (ITER) 
building. A thermonuclear reactor is an intensive source 
of neutrons, the energy dissipation of which should occur 
in the blanket-system surrounding the reactor plasma. 
There are projects of reactors the blanket of which plays 
the role of energy “multiplier” due to the processes of 
nuclear fuel fission.  Therefore, to investigate the 
excitation of neutron field oscillations in the blanket of 
thermonuclear reactor also becomes an urgent problem. 
The methods of such investigation developed in the 
theory of plasma oscillations are suitable for oscillations 
in the neutron systems. The oscillations in the 
multiplication medium with a coolant described by the 
related set of equations, including the equation of thermal 
diffusion of neutrons, taking into account their 
multiplication and nuclear capture, and the equations of 
compressible liquid dynamics [3]. In the blanket of hybrid 
fusion reactor with neutron multiplication/breeding the 
neutron field evolution is determined by the external 
source of neutrons, their inertia, diffusion, by the nuclear 
capture and multiplication, as a result of nuclear fission, 
by the convective transport of neutrons and heat. For 
description of the oscillating processes in such systems 
the next system of equations is applicable:  
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Here νϕθ=K  is the coefficient of neutron 
production, including three factors: ν  is the number of 
emitted neutrons in one fission event, ϕ is the probability 
to avoid a capture in the process of neutron slowing 
down. The thermal neutron utilization coefficient   
=θ )( aff ννν + is equal to the ratio between the 
frequency of their nuclear  fission capture vfff Nσν =  
and the sum of all the processes of absorption: by  fission 
nuclei and neutron absorption , where  
is the index of sort of nuclei and 
∑= i viaiaa Nσν i
fσ  is the nuclear fission 
reaction cross-section and  is the nuclear density, v is 
the average  thermal neutron velocity.  
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The effective diffusion coefficient  cef  ντKDD +=  is 
equal to the sum of the classic coefficient and 
the addition, related to the neutron age , 
where 
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and trΣ is macroscopic transport cross-section trΣ sΣ≈  
approximately equal to the scattering cross-
section sΣ = ssN σ , sσ  is a microscopic scattering cross-
section, is the density of scattering nuclei. sN
In the diffusion equation is the thermal (external or 
delayed) neutron source density. 
S
Here we ignore the radiation of delayed neutron 
reaction products, because their contribution to the wave 
propagation processes is insignificant unlike the 
contribution to the system stability. Equations of coolant 
hydrodynamics are given in standard denotations.  
The symbol  is the density of thermal output in unit 
time of nuclear fission reactions. We will enter the 
quantity
Q
EN =  ( ) ( )PctrQ  /, ρr , where  is the neutron 
density. Note that in the case of slowing down of 
thermonuclear neutrons, we denote by Q  the density of 
their energy loss in unit time and in unit volume. The last 
expression in line (4) is the coolant condition equation.  
N
Propagation of neutron temperature oscillations takes 
place against a background of the stationary or quasi-
stationary multiplication medium. The simplest model of 
the stationary state is a one-dimensional model with a 
constant density 0ρ  and velocity U  of coolant, neutron 
density  and temperatureT , which satisfy the 
equations (we assume that variations of velocity and 
pressure are insignificant and ignore them):  
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Linearization of the system of equations (1) - (4) is 
performed by replacement   
),(0 tznNN += , ),(10 tzTTT += , 
),(10 tzρρρ +=  and )),(,0,0( v 1 tzUU +=r .   
Linearized equations of the coolant motion and 
continuity 
( ) zTPzstU T ∂∂−∂∂−=∂∂ 11210  ' ρρρ ,                 (5) 
( ) 0 1011 =∂+∂+∂∂ zUUt ρρρ  
need explanations. As is shown in paper [3], perturbations 
of local coolant acceleration tU ∂∂ 1  and coolant density 
inertia t 1 ∂∂ρ result in the description of acoustic wave 
excitation. However, a sonic branch of oscillations is 
separated from neutron-temperature oscillations and 
therefore it is neglected by the indicated derivatives in times. 
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Propagation of oscillations with a given frequency of 
external sources is determined in the quasi-classic 
approximation [3] by the values of the complex wave 
vector of the dispersion equation, which is the condition 
of solvability of the homogeneous system of linear 
equations for perturbation values. This equation is as 
follows   
AaakkD ++= 21)()( χωω .                     (6) 
Separately equal to zero factors are 
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ξωωχ ikUk +−=)( ,  
where 00 TEN δξ −Γ=  and ( )( )ρργ TPsEN '  20=Γ  
describes the contribution of neutron eigen- and 
convective modes of hydrodynamic oscillations. 
Parameters  and Γ ξ  reflect the influence of 
hydrodynamic subsystem of a coolant. On the right in (6) 
a sum is presented by the coefficients of coupling 
between the neutron and hydrodynamic perturbations: 
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The solution of equation (6) is found by the 
perturbation theory in the approximation of weak 
coupling between the neutron and temperature 
oscillations. In a zero approximation are the 
solutions of quadratic equation.  
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The complex roots of this equation contain the next 
real and imaginary parts 
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Here the denotations ( )ef2 DUb =  and 
( ) 21 bKB c −−= βν  are entered. 
The expressions for Re describe the wave numbers 
of waves propagating in the mutually opposite directions. 
A wave moving in the direction opposite to the coolant 
motion undergoes the spatial damping at all values of 
parameters. The amplitude of a neutron wave moving 
along the coolant flux with oscillations of a low velocity 
and a high frequency decreases too.  In the case of the 
coolant velocity increasing or the frequency 
2,1k
( )0→ω decreasing this wave changes the character of 
propagation from the amplitude decrease to its increase.  
From dispersion equation (6), taking into account the 
connection coefficients by the perturbation theory, we 
find the correction to the wave number of neutron waves 
( ) ([ ]) , )(  )1( efDikUkKAk NNcN −Γ−−= χωνδ  
where  is one of the complex roots of equation (7). 
Other parameters
Nk
Γ  and A are written above.  
The temperature oscillation branch in zero 
approximation is described by the expression: 
                  
.)( UikT ξω +=                         (8) 
It is easy to see from this formula that the temperature 
oscillations propagate with a phase velocity equal to the 
coolant velocity Uk =ω  and have an insignificant 
spatial damping.  
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Fig. 1. Real and imaginary parts of wave numbers 
of the temperature oscillation branch as a function 
of the frequency ω . Def =105, νc =105, νa =104, 
K=1.00001, δ= 0.2 
In Fig. 1 the behavior of curves is approximated 
similarly to the case described for the dispersion and 
damping of an eigenvalue convective mode according to 
the solution of Eq. (6). The dispersion, Re )(3 ωk , being 
the dependence of the real part of wave number on the 
frequency, differs from the linear one. The coefficient of 
spatial damping, depending on the frequency, decreases 
with frequency increasing (not included in formula (8)). 
Characteristic equation (6) is the cubic one in relation 
to the complex unknown k. Under conditions when it is 
not possible to ignore the right part of the equation, a 
close coupling takes place between oscillations of the 
temperature and neutron branches. In such case, the 
numerical solution of dispersion equation (6) is used. A 
similar solution is shown in Fig. 2. 
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The parameters given in captions of Fig. 2 
approximately correspond to the operation modes of 
WWER-1000 reactors.  
In the case of relatively low frequencies of oscillations 
(ω  < 20 1/s) moving in the direction of coolant motion a 
neutron wave undergoes a spatial growth. 
In the case of high frequencies, a wave undergoes the 
spatial decrease of its amplitude, and the value of the real 
part of wave number increases proportionally to the 
square root of the frequency. The wave propagating in the 
opposite direction is damping for all the values of 
parameters. 
-0,06
-0,03
0
0,03
0,06
0 20 40 60 80 100
k
Re k1
Im k1
Re k2
Imk2
 
Fig. 2. Real and imaginary parts of wave numbers of the 
neutron oscillation branch as a function of the 
frequencyω .  Def =5.5104, , 
,  
41071.1 ⋅=cν
3105.8 ⋅=aν ,001.1=K 2,0−=δ  
Other values of system parameters leads to the notable 
conclusions and to the more wide set of effects to be an 
object of further investigations. 
CONCLUSIONS 
The medium oscillations arising form some spatial 
temporal structures (for example, the areas of the coolant- 
and-fuel superheating) which excite neutron oscillations 
propagating in the medium to the place of their recording. 
The fastened elements of equipment also sense vibrations, 
which modulate the oscillations of the neutron and 
hydrodynamic fields. The problem consists in the study of 
oscillation propagation conditions in order to record 
oscillations and to control the behavior of equipment and 
component parts of the multiplication medium. 
Analysis of calculation results shows that in the case 
when the frequency of external sources increases the 
values of the real part of wave number, as well as, the 
coefficient of the spatial damping of neutron oscillations 
are increasing. In the case of low frequency values the 
neutron waves, propagating along the direction of coolant 
flux motion, undergo a spatial increase. This new result is 
due to the taking into account the convective transfer of 
the neutron field and temperature of the coolant. The 
range of increasing oscillation frequencies narrows as the 
supercriticality characteristic for industrial power-reactor 
decreases. However, the range of frequencies near to  one 
hertz is important for the aims of noise diagnostics.  
As the coefficient of neutron diffusion decreases, the 
wave numbers of the neutron branch of oscillation and 
their damping coefficients are increasing and can make 
the hundredth parts of inverse centimeter.  
It is clear, that under such conditions the neutron field 
oscillations can move by a convective temperature mode 
being weakly damping at not low frequencies. Using the 
results of the analysis of characteristics describing the 
neutron wave propagation it is possible to measure the 
coefficients of neutron diffusion in nuclear-physical 
systems (for example, in the subcritical assemblies with 
external sources of thermal neutrons or moderated 
neutrons).  
Strongly coupled neutron-temperature oscillations are 
resulting from the dependence of the frequency of neutron 
capture by fission nuclei on the "effective" temperature of 
thermal neutrons.  
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НЕЙТРОННО-ТЕМПЕРАТУРНЫЕ КОЛЕБАНИЯ В НЕЙТРОННЫХ РАЗМНОЖАЮЩИХ 
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Изучено распространение нейтронных и температурных колебаний в нейтронных размножающих системах. 
Показано, что сильно связанные нейтронно-температурные колебания существуют в результате зависимости 
частоты деления ядер от "эффективной" температуры тепловых нейтронов. 
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